Abstract-This paper presents an adaptive technique to extract the signal of interest (SOI) arriving from a known direction in the presence of strong interferers using a single snapshot of data. The antenna elements in this method can be nonuniformly spaced and there can be mutual coupling between them. In addition, near-field scatterers can also be present. First, the voltages induced in the antenna elements of the array due to interferers, mutual coupling between the elements, and near-field scatterers is preprocessed by applying a transformation matrix to these voltages through a rigorous electromagnetic analysis tool. This electromagnetic preprocessing technique transforms the voltages that are induced in a nonuniformly spaced array containing real antenna elements to a set of voltages that will be produced in a uniform linear virtual array (ULVA) containing omnidirectional isotropic point radiators. In the transformation matrix we would like to include various electromagnetic effects like mutual coupling between the antenna elements, presence of near-field scatterers and the platform effects on which the antenna array is mounted. This transformation matrix when applied to the actual measured voltages yields an equivalent set of voltages that will be induced in the ULVA. A direct data domain least squares adaptive algorithm is then applied to the processed voltages to extract the SOI in the presence of interferers. Limited numerical examples are presented to illustrate the novelty of the proposed method.
I. INTRODUCTION
A DAPTIVE array signal processing has been used in many fields such as radar, sonar, wireless mobile communication, and so on. One principle advantage of an adaptive array signal processing is the ability to recover the desired signal while also automatically placing deep-pattern nulls along the direction of the interferences, even though its amplitude and direction of arrival are unknown. Traditionally, most proposed adaptive array signal processing algorithms have been applied to uniform linear arrays (ULAs). To achieve a high antenna array directivity in both azimuth and elevation, a ULA may require too many antenna elements to be practical. On the other hand, Publisher Item Identifier S 0018-926X(02)05448-0.
a nonuniformly spaced antenna arrays or a semicircular array offer the capability to steer the main beam of the array to any desired azimuth and elevation angle with a realistic number of array elements. However, as pointed out in [1] , semicircular arrays (SCA) are known to be equivalent to a nonuniform linear array. Unfortunately, because of the nonuniformity of the SCA, when conventional adaptive algorithms are used to the SCA the performance of adaptive signal processing algorithms becomes degraded in [2] - [5] . To overcome this problem, in [5] - [7] the authors consider an infinite series of Bessel functions of the first kind for expansion of a plane wave. However, this approach is only applicable when the number of array sensors is much larger than which is a serious drawback and is not practical. In the other papers [2] , [3] , the authors have suggested an interpolation technique using virtual arrays to account for the nonuniformity in a circular array. In addition, it is not clear how to carry out adaptive processing using a single snapshot of data for a nonuniformly spaced antenna elements in an array.
In this paper, we utilize the above principles and extend them to take into account in the adaptive processing various electromagnetic effects like the presence of mutual coupling and near-field scatterers. A least squares method is used to generate a transformation matrix which preprocesses the measured voltages from a single snapshot of data. This is then used in a direct data domain least squares adaptive algorithm which has been proposed in [8] - [10] . We shall review the direct data domain algorithm briefly in Section II. The practical development of a nonuniformly spaced elements will also require an investigation into the capabilities of the direct data domain algorithms to perform in nonideal situations such as presence of mutual coupling between the elements of the array and near-field scatters and obstacles located close to the array. This could also involve the platform effects on the array.
In addition, most adaptive algorithms assume that the antenna elements of the receiving array are independent isotropic omnidirectional point sensors that do not reradiate the incident signals. It is further assumed that the array is isolated from its surroundings. However, in a practical case, each array elements have some physical size and reradiate the incident fields. The reradiated fields interact with the other elements causing the sensors to be mutually coupled. In [10] , Adve and Sarkar observed that the degradation in the capabilities of direct data domain algorithms and suggested ways to improve it under some circumstances.
In [11] - [13] the authors compensate for the effects of mutual coupling by relating the open circuit voltages (voltages at the 0018-926X/02$17.00 © 2002 IEEE ports of the array if all were open circuited) with the voltages measured at the ports in adaptive antenna arrays used for direction of arrival (DOA) estimation. In [10] , Adve and Sarkar used the method of moment (MOM) to analyze the antenna array in which the entries of the MOM impedance matrix measure the interaction between the basis functions, i.e., they quantize the mutual coupling.
In the previous works, the compensation matrix is in general considered to be independent of the angle of arrival of the signals. However, in a more practical environment, the presence of near-field scatters (i.e., building, the structure on which the array is mounted) will have effects on the array elements. The effects of these near-field scatterers are similar to the effects of mutual coupling between the elements of the array. These environmental scatters necessitate the development of a compensation matrix, which depends on the direction of arrival of signals including the undesired ones.
Hence, in this paper, we shall use the measured steering vector in an interpolation technique, which is contaminated by the presence of near-field scatters as well as by the mutual coupling between the elements of a SCA, to obtain the compensation matrix for more accurate numerical analysis.
The paper is organized as follows. In Section II, we formulate the problem. In Section III, we present the interpolation technique incorporating mutual coupling for a nonuniformly spaced array and the presence of near-field scatterers. In Section IV, we review the direct data domain algorithm. In Section V, we present simulation results illustrating the performance of the proposed method in conjunction with the direct data domain approach. Finally, in Section VI, we present the conclusion.
II. PROBLEM FORMULATION
Consider an array composed of nonequally spaced elements located in an antenna array. Assume that narrow-band sources impinge on the array from distinct directions . Here we assume that the angle is defined from the broadside direction of the array. For the sake of simplicity, we assume that the incident fields and the antenna elements are coplanar and that the sources are located in the far field of the array. However, this methodology can easily be extended to the noncoplanar case without any problem.
Using the complex envelope representation, the vector of phasor voltages received by the arrays at a particular time instance can be expressed by
where denotes the incident signal on the elements of the array from the th source.
denotes the field pattern of the array (also called the steering vector) toward direction and denotes the noise vector at each of the loaded antenna element. By using a matrix representation (1) becomes (2) where is the matrix of the steering vectors, referred to as the array manifold (3) In a typical calibration methodology, a far-field source is placed along the angular direction and then is the voltage measured at the loads of the antenna elements of the array. Here is a vector representing the voltages that are measured at the terminals of the antenna elements due to the various signals impinging on the array at the time instance . In practice, this array manifold information in a real array obtained through these induced voltages is contaminated by the effects of the nonuniformity in the spacing and mutual coupling between array elements, and the presence of near-field scatters, which undermine the performance of a conventional adaptive signal processing algorithm.
Hence, our problem can be stated as follows. Given the array manifold matrix of a nonuniformly spaced array in the presence of mutual coupling between array elements and near field coupling effects between the platform and other electromagnetic obstacles, we obtain a transformation matrix. This transformation matrix when operating on produces numerically a modified manifold which is due to an ideal uniform linear virtual array (ULVA) manifold matrix. The elements of this virtual array are isotropic omnidirectional point radiators radiating in free space. Thus, we compensate for the lack of nonuniformity and presence of mutual coupling between the elements in the real array in addition to near-field coupling effects. We then apply a direct data domain least squares technique to the processed data to estimate the complex amplitude of the signal of interest (SOI) in the presence of interferers, clutter and thermal noise. Moreover, the various signals impinging on the array can be coherent.
III. A TRANSFORMATION MATRIX BASED ON THE LEAST SQUARE METHOD CAN COMPENSATE FOR THE VARIOUS ELECTROMAGNETIC EFFECTS LIKE MUTUAL COUPLING AND PRESENCE OF NEAR-FIELD SCATTERERS
A preprocessing technique is used to compensate for the lack of the nonuniformity in a real array contaminated by the mutual-coupling effects. It is based on transforming the nonuniformly spaced array into a ULVA in the absence of the mutual coupling and other undesired electromagnetic effect. This is achieved through the use of a compensation matrix. Hence, our goal is to select the best-fit transformation between the real array manifold and the array manifold corresponding to a ULVA such that (4) for all angles within a predefined sector. Since such a transformation matrix is defined within a predefined sector, the various undesired electromagnetic effects such as nonuniformity in spacing and mutual coupling between the elements and nearfield obstacles for an array is made independent of the angular dependence.
The following is a step-by-step description of what needs to be done to obtain the transformation matrix in order to ob-tain the array manifold for the ULVA from the nonuniformly spaced array disturbed by various undesired electromagnetic effects such as mutual coupling and various near-field effects.
1) The first step in designing a transformation matrix is to divide the field of view of the array into sectors. If the field of view is 180 , it can be divided into six sectors of 30 each, for example. Then, one of sector of is defined by the interval . Or one could choose one sector of 180 width.
2) Next, we define a set of uniformly defined angles to cover each sector (5) where is the step size. 3) We measure/compute the steering vectors associated with the set of the real array. This is done by placing a signal in the far field for each of the angles of arrival . The measured/computed vector is different from the ideal steering vector, which is devoid of any undesired electromagnetic effects like the presence of the mutual coupling between the nonuniformly spaced elements and other near field coupling effects. Then, we obtain the measured manifold matrix defined by (6) This can either be actually measured or simulated and includes all the undesired electromagnetic coupling effects. Hence, each row of represents the relative signal strength received at the antenna elements. They are a function of only the incident angle of an incoming plane wave within the predefined sector. 4) Next we fix the virtual elements of the interpolated array.
All the elements in the virtual array are omnidirectional point radiators radiating in free space. In addition, we always stipulate that the virtual array is a uniformly spaced linear array consisting of omnidirectional point sources.
We denote by the section of the array manifold of the virtual array obtained for the set of angles (7) where is a set of theoretical steering vectors corresponding to the uniformly spaced linear array. 5) Finally, we compute the transformation matrix for the sector such that using the least squares method. This is achieved by minimizing the functional (8) In order to have a unique solution for (8) , the number of direction vectors in a given sector must be greater than or equal to the number of the elements of array. The least squares solution to (8) is given by (9) where the superscript represents the conjugate transpose of a complex matrix.
The transformation matrix needs to be computed only once a priori for each sector and the computation can be done offline. Hence, once is known we can compensate for the various undesired electromagnetic effects such as mutual coupling between elements, including the effects of near-field scatters, as well as nonuniformity in the spacing of the elements in the real array simultaneously. Since the transformation matrix is defined within the predefined angle we can eliminate both the nonuniformity and the mutual coupling effects independently within each sector.
IV. THE DIRECT DATA DOMAIN ADAPTIVE ARRAY PROCESSING
The direct data domain algorithm (DDDA) has been proposed to overcome the drawbacks of statistical techniques [7] - [9] . One of the drawbacks of a statistical approach is that it is based on the covariance matrix of the interfering signals. Unfortunately, the statistics of the interference may fluctuate rapidly over a short distance limiting the availability of homogenous secondary data. The second drawback is that the estimation of the covariance matrix requires the storage and processing of the secondary data. This is computationally intensive, requiring many calculations in real time. However, since the direct data domain approach is done on a snapshot-by-snapshot basis it is robust to a highly nonstationary environment and leads to enormous savings in computation.
Let us assume that the signal is coming from and our objective is to estimate its amplitude while simultaneously rejecting all other interferences. The signal arrives at each sensor at different times dependent on the direction of arrival of the target and the geometry of the array. At each of the sensors, the received signal (1) is a sum of the SOI interference, and thermal noise. The interference may consist of the SOI and its coherent multipaths reflected from the obstacles. In addition, it may be due to the mutual coupling effects not only between the antenna elements but also between the elements and its environment. Therefore, we can reformulate (1) as (10) where and are the amplitude and direction of arrival of the th interference signals. and are the amplitude and direction of arrival of the SOI. Here we know and the goal is to estimate the complex amplitude .
We can represent the received voltage at the time instance solely due to the desired signal at the th sensor element by (11) The strength of the SOI, , is the desired unknown parameter which will be estimated for the given snapshot at the time instance .
does not provide a linear phase regression along the elements of the real array, when the elements deviate from isotropic omnidirectional point sensors. This deviation from phase linearity undermines the capabilities of the various signal-processing algorithms. However, the application of the transformation matrix makes sure that the phase fronts are all linear, not only for the SOI but also for all the interferers. For a conventional adaptive array system we can now estimate the SOI by a weighted sum given by (12) or in a compact matrix form as (13) where denotes the transpose of a matrix. The two vectors and are given by
Let be a matrix, whose elements comprise of the complex voltages measured at a single time instance at all the elements of the array simultaneously. The received signals may also be contaminated by thermal noise. Let us define another matrix whose elements comprise of the complex voltages received at the antenna elements of the ULVA due to a signal of unity amplitude coming from the desired direction . However, the actual complex amplitude of the signal is which is to be determined. Then if we form the matrix pencil using these two matrices, then 
. . .
represent only undesired signals. The difference between each of the elements of represents the contribution of all the undesired signals due to coherent mutipaths, interferences, clutter, and thermal noise (i.e., all undesired components except the signal). It is assumed that there are equivalent interferers and so the number of degrees of freedom is . One could form the undesired noise power from (16) and estimate a value of by using a set of weights , which minimizes the noise power. This results in [8] - [10] (19) Alternately, one can view the left-hand side of (19) as the total noise signal at the output of the adaptive processor due to interferences and thermal noise (20) Hence, the total undesired power would be given by (21) where the superscript denotes the conjugate transpose of a matrix. Our objective is to set the undesired power to a minimum by selecting for a fixed signal strength . This yields the generalized eigenvalue equation given by (19). Therefore (22) where , the strength of the signal is given by the generalized eigenvalue and the weights are given by the generalized eigenvector. Even though (22) represents a matrix, the matrix is only of rank one. Hence, (22) has only one eigenvalue and that generalized eigenvalue is the solution for the SOI. A computationally efficient way of solving for the signal amplitude is given in [8] .
V. NUMERICAL EXAMPLES
In this section, numerical examples are presented to demonstrate the above procedure to adaptively receive the SOI from a known direction in the presence of interferers, nonuniformity in the spacings of the elements and the presence of mutual coupling between the elements and coupling to obstacles or scatters located close to an SCA as shown in Fig. 1 . The rationale for choosing an SCA is that no technique is available in the published literature that carries out adaptive processing using a single snapshot of data obtained from an SCA. In all the simulations, the adaptive algorithm itself uses only the DOA of the signal, i.e., only the look direction of the SOI, is considered to be known.
We consider a semicircular array consisting of 24 half-wave thin-wire dipole antenna elements loaded at the center as shown in Fig. 1 . Each element of the array is identically point loaded by 50 at the center. The radius of the semicircular array is 3.82 wavelengths. The dipoles are all -directed, of length and radius . Then, as described in Section III, the real array is interpolated into the virtual array consisting of uniformly spaced omnidirectional point sources separated by a distance . By choosing the reference point at the center of the real array, the steering vectors associated with the virtual array are given by (23) at the bottom of the page. Here the number of the elements of the ULVA is considered to be 17 and is the wavelength of the signal located in the far-field region of the array. Here, the number 17 is arrived at using the following reasoning. We would like to place the elements for the ULVA approximately half wavelength apart (23) so that it covers an equivalent aperture as shown in Fig. 1 . By the terms of the problem, the distance between the elements in the ULVA is chosen as 0.4775 . The incremental size in the interpolation region, , is chosen to be 1 . The sector chosen here, for example, is of 120 symmetrically located. Then, a set of real steering vectors are measured/computed for sources located at each of the angles , , . The measured/computed vector is then distorted from the ideal steering vector, due to the presence of mutual coupling between the elements of the real array. The actual steering vectors having all the undesired electromagnetic effects are computed using the electromagnetic analysis code WIPL-D [14] . This code is based on the electric field integral equation and uses the Galerkin method in the MoMs framework. The basis functions are entire domain and that makes the solution procedure quite fast and accurate. Also, one can analyze any arbitrary shaped material bodies consisting of both dielectric and magnetic materials.
Then, using (19) we obtain the transformation matrix to compensate for the effects of nonuniformity in the spacing between the antenna elements and the presence of mutual coupling between the elements of the real array. Finally, using (20), we can obtain the corrected input voltage in which the nonuniformity in spacing and mutual coupling effects are eliminated from the actual voltage.
For the first example, the intensity of the desired signal is varied from 1-10.0 V/m in steps of 0.01 V/m while increasing the jammer intensities. All signals intensities and directions of arrival summarized in Table I are given by so at each snapshot the intensity of the signal is increased by one unit whereas the strength of the jammers remains fixed. In addition it is seen that all the signals are coherent.
The measured voltages at the elements of the SCA are first compensated by (9) and then the processed voltages are used to recover the signal and null the jammers using the direct data domain algorithm. If the jammers are properly nulled, the reconstructed signal magnitude should remain linear as a function of incident signal. Fig. 2 shows the results of using the DDDA after compensating for the effects of nonuniformity in spacing and the mutual coupling between the elements of the SCA. The magnitude of the reconstructed signal displays the expected linear relationship and the phase again is close to zero. The beam pattern associated with compensating for the nonuniformity in spacing and the mutual coupling effect using the technique presented in this paper is shown in Fig. 3 . The nulls are especially very deep and are placed along the correct directions of the strong jammers. This demonstrates that the nonuniformity of the SCA and the mutual coupling effects has been suppressed.
For the second example, we consider the effects of thermal noise on the technique described above. The noise at any antenna element of the SCA is assumed to be independent of the noise at other elements. In this example, the desired signal is corrupted by three jammers as given in Table II . The signal-tonoise ratio at each element is set at 20 dB. The set of induced voltages, affected by noise, is at first compensated using (9) and is passed to the DDDA of Section IV. This procedure is repeated 500 times with different noise samples. These 500 samples are then used to find the mean and variance of the estimated signal. The output signal to interference plus noise ratio (SINR) in decibels is defined by
where is the magnitude of the desired signal and is the reconstructed signal.
As seen from Table III, after the nonuniformity in spacing and the mutual coupling between the array elements have been compensated properly using the technique presented above, the jammers are nulled yielding accurate estimates of the signal. The total interference power is suppressed to nearly 26.342 71 dB below the signal.
For the final example we consider the effects of a large nearfield scatterer located close to the semicircular array. As shown in Fig. 4 the scatterer is located within a distance, which is five times the radius of the semicircular array and has been placed along the direction of 20 . The width of the scatter is 7.64 wavelengths and the height of the scatter is 15.28 wavelengths. Hence, the semicircular array and the scatter have strong coupling effects in addition to the presence of mutual coupling between the elements. We again consider the case of four incoming signals from 20 , 10 , 40 , and 50 . The three jammers have the same amplitude of 1 V with a zero phase. The direction of the SOI is 10 and its amplitude is varied from 1 to 10 V for the different snapshots.
After we compensate for the nonuniformity in spacing and the presence of mutual coupling between the elements of the array and scatter using (9), then we estimate the magnitude of the desired signal through the DDDA. Fig. 5 plots the results of using DDDA to recover the signal in the presence of mutual coupling between the elements of the array and the scatter located close to the array. The magnitude and the phase of the recovered signal are shown in Fig. 5 . The expected linear relationship is clearly seen, implying that the jammers have been nulled, the signal recovered correctly, and the phase of the recovered signal varies within a very small value of zero. The beam pattern asso- Fig. 4 . Geometry of a SCA and a ULVA representing the SCA with a large near-field scatterer located close to the array. ciated with this example is shown in Fig. 6 . The nulls are deep and placed along the correct directions, implying that the effects of nonuniformity in spacing, the mutual coupling between the array elements and that of near-field scatterers have been suppressed so as to even null a strong jammer. The beam pattern does not have a maximum along 10 but in a different direction. This is normal in digital beamforming. What is guaranteed, is that the strength of the signal will be correct and the beam pattern may have a maximum along a direction where there is no signal. This is because in digital beamforming the antenna pattern has no physical meaning. For an analog beamformer, the individual values of the weights can never exceed one-as that will involve an amplifier where as for the digital technique the weights are just numbers and have no physical significance associated with it. However, the final result is accurate. It is seen that the adapted beam pattern has a wider null along 20 illustrating that the diffraction of the fields around the building has been taken into account.
VI. CONCLUSION
This paper presents an adaptive methodology to extract the SOI in the presence of coherent jammers, clutter, and thermal noise using a single snapshot of data obtained from an antenna array. The elements of the antenna array may be dissimilar and can even be nonuniformly spaced. In addition, there may be other near-field scatterers. An electromagnetic preprocessing technique is first applied which transforms a nonuniformly spaced array operating in the presence of mutual coupling between the elements and near-field scatterers, into a virtual array of omnidirectional isotropic point elements that is amenable to the application of a direct data domain least squares algorithm. Through such a transformation, we have shown that we can compensate not only for the effects of mutual coupling in a nonuniformly spaced array but also the effects of strong near-field scatterers can be eliminated. Since, the transformed output voltages are that of a uniformly spaced linear array consisting of omnidirectional point radiators, a conventional adaptive algorithm can easily be applied to extract a SOI in the presence of coherent interferers using a single snap shot of data. She is a Profesor Titular in the Departamento de Señales, Sistemas y Radiocomunicaciones (Signals, Systems and Radiocommunications Department) with the Escuela Técnica Superior de Ingenieros de Telecomunicación (School for Telecommunication Engineering). Her research interests include electromagnetic field theory, computational, and numerical methods for microwave passive components, and antennas. She is the author of six books and 14 book chapters and articles. In addition, she has published numerous papers in journals, conferences, symposiums, and workshops. She has participated in 40 projects and contracts, financed by international, European, and national institutions and companies. She has assisted the Comisión Interministerial de Ciencia y Tecnología (Spain National Board of Research) in the evaluation of projects. She has also served in several evaluation panels of the Commission of the European Communities.
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